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Abstract
Bacterial communitiesplay a central role in ecosystems, by regulating biogeochem-
ical ﬂuxes. Therefore, understanding how multiple functional interactions between
species face environmental perturbations is a major concern in conservation biol-
ogy. Because bacteria can use several strategies, including horizontal gene transfers
(HGT), to cope with rapidly changing environmental conditions, potential de-
coupling between function and taxonomy makes the use of a given species as a
general bioindicator problematic. The present work is a ﬁrst step to characterize
the impact of a recent polymetallic gradient over the taxonomical networks of ﬁve
lacustrine bacterial communities. Given that evolutionary convergence represents
one of the best illustration of natural selection, we focused on a system composed
of two pairs of impacted and clean lakes in order to test whether similar pertur-
bation exerts a comparable impact on the taxonomical networks of independent
bacterial communities. First, we showed that similar environmental stress drove
parallel structural changes at the taxonomic level on two independent bacterial
communities. Second, we showed that a long-term exposure to contaminant gra-
dients drove signiﬁcant taxonomic structure changes within three interconnected
bacterial communities. Thus, this model lake system is relevant to characterize the
strategies, namely acclimation and/or adaptation, of bacterial communities facing
environmental perturbations, such as metal contamination.
Introduction
Increasing anthropogenic activities accelerate the deteriora-
tion of various ecosystems. Because bacterial communities
play a central role in regulating biogeochemical ﬂuxes (Xu
2006),thereisanurgentneedtoelucidatetheprocessesallow-
ingthemtoacclimateoradapttoenvironmentaldisturbances
and predict their impacts on ecosystem stability. Biodiversity
inadynamicecosystemprovidesinsuranceagainstthelossof
certain species (Folke 1996). Species richness within bacte-
rialcommunitiesengendersacorrespondingrangeofbehav-
ioral reactions and metabolic pathways. Community level
metabolic plasticity facilitates rapid acclimation and adap-
tation to environmental ﬂuctuations (Armitage et al. 2003).
Consequently,bacterialcommunitiescharacterizedbystrong
speciesdiversitycanbetterfacechallengingenvironmentper-
turbations than those of low species diversity, thus confer-
ringgreaterrobustnesstotheecosystemhomeostasis(Degens
et al. 2001). Associated changes in community structure are
the net effect of individual members’ successful and unsuc-
cessfulacclimationtoenvironmentalperturbation.Thisshift
in equilibrium is termed community adaptation (DeAngelis
et al. 2010). It is now widely accepted that communities face
short-term or ﬂuctuating stress by acclimation (i.e., physi-
ological adaptation), while continuous or predictable stress
can be met by adaptation (i.e., genetically determined re-
sponse)(BradshawandHardwick1989;DavisonandPearson
1996).
Although strong environmental disturbances are expected
to alter the diversity of species (Rohr et al. 2006; Deng et al.
2007; Parnell et al. 2009), bacterial communities can miti-
gate the loss of species richness. For example, Tyson et al.
(2004) showed that bacterial community adaptations in a
highly impacted ecosystem (acid mine drainage [AMD])
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involved several interacting metabolic networks between
functionally differentiated species (Tyson et al. 2004). Re-
cently, Lee et al. (2010) discovered a population-wide antibi-
oticresistancemechanisminEscherichiacoliwherefewhighly
resistantmutantsproduceindole,asignalingmoleculeallow-
ingmorevulnerablegenotypestosurviveinstressfulenviron-
mental conditions (Lee et al. 2010). More generally, several
bacterial species can functionally collaborate, by exchanging
small molecules, secreted by one species and metabolized
by another, to ensure the survival of the whole community
(Tyson et al. 2004; Harcombe 2010; Miller et al. 2010;
KlitgordandSegr` e2011).Finally,manyexamplesofhorizon-
talgenetransfers(HGT)havebeenreportedasamajoradap-
tive mechanism in natural bacterial communities (Shintani
et al. 2008; Sobecky and Hazen 2009; Parnell et al. 2010, but
see Zhaxybayeva and Doolittle 2011). Accordingly, two dis-
tantly related species could potentially occupy the same eco-
logicalniche,ifone ofthemhastransferredtherelevantgene
or group of genes to the other (Audic et al. 2007). The resul-
tant decoupling between taxonomy and ecological function
makestheuseofagivenspeciesasageneralbioindicatorvery
problematic,especiallywhenitsidentiﬁcationisbasedonone
gene (e.g., 16S rRNA). Instead, this is the functional interac-
tion network of the whole community that will buffer envi-
ronmental perturbations. Due to putative horizontal gene
transfers, equivalent functional interaction networks may
theoretically involve different species across similar ecosys-
tems. However, HGT frequency is expected to decrease with
genetic divergence between interacting species (Andam and
Gogarten 2011). Therefore, two independent bacterial com-
munities living in similar environmental conditions would
exhibitthesameoveralltaxonomicalstructure(i.e.,members
in both communities belonging to the same high taxonomic
ranks). Consequently, ecotoxicologists should consider tax-
onomical structure at a community, rather than individual
level, when predicting the response of bacterial communities
to anthropogenic contaminants. Thus, comparing the over-
all taxonomic structures of bacteria communities facing a
given environmental perturbation with reference communi-
tiesisaninvaluableexperimentalstrategytoassessthehealth
status of a given ecosystem.
Polymerase chain reaction-denaturing gradient gel elec-
trophoresis (PCR-DGGE) is a cost-effective molecular tech-
nique employed as a culture-independent approach to in-
vestigate taxonomic structure and/or functional diversity in
bacterial communities, depending on which kind of gene is
understudy.Classically,the16SrRNAgeneistargetedtopro-
ﬁle taxonomic structure of bacterial communities, because it
is a very conserved genomic region that also includes vari-
able regions. Due to the inherent limitation of the method
to achieve an unequivocal identiﬁcation of single ribosomal
sequence(orribotype)(Ercolinietal.2001),eachbandofthe
DGGE proﬁle will be referred to an operational taxonomic
unit (OTU) rather than a distinct species. Here, 16S-rDNA
DGGEproﬁlingofbothenvironmentallydisturbedandrefer-
encebacterialcommunitiescoupledwithcorrelationanalyses
with abiotic factors will allow to rapidly measure the impact
oftheperturbation.Suchanapproachpermitstoidentifythe
impactofenvironmentalperturbationonparameterssuchas
OTU richness, evenness, or dominance (see Methods).
Anthropological activities such as mining and smelting
release toxic heavy metals such as arsenic (As), cadmium
(Cd), lead (Pb), and copper (Cu). They impose a very
strong selective pressure on the soil bacterial communities,
causing structural changes in the community itself and are
usually accompanied by a reduction in microbial biomass
(Kandeler et al. 2000) and loss of biodiversity (Deng et al.
2007). Moreover, lacustrine communities under heavy ra-
dionuclide stress typically show higher structural similarities
between each other when compared to communities from
unpolluted lakes (Fields et al. 2005). These observations sug-
gest that parallel community adaptations (sensu DeAngelis
etal.2010)couldpotentiallybecharacterized.Giventhatevo-
lutionary convergencerepresents one of the best illustrations
of natural selection acting on the evolutionary trajectories
oforganisms(DeromeandBernatchez2006),thepresentex-
perimentalapproachfocusesonseverallacustrineecosystems
impactedbyasimilarandcontinuousenvironmentalpertur-
bation. Studying patterns of convergent or parallel evolution
is a powerful mean to identify without a priori parameters
that are truly associated to the selective pressure (Schluter
2000; Derome et al. 2006).
Given that the physiological status of an ecosystem can
be assessed by measuring the changes in the autochthonous
microbial community in response to a disturbance (Bensal
et al. 2011),thepresentstudy assess theaccuracyof thePCR-
DGGE technique, a valuable tool in microbial ecology, to
monitorstructuralchangesoccurringinbacterialcommuni-
ties.Themaingoalofthisstudywastocharacterizetheimpact
of heavy metals contamination on the taxonomic structure
of lacustrine bacterial communities from ﬁve sites located
in the surroundings of Rouyn-Noranda, Canada (Fig. 1).
Among these ﬁve lakes, Opasatica Lake (Opa) was chosen as
an unpolluted reference while Turcotte Lake (Tur) served as
a positive control for pollution. The three other sites, namely
Arnoux Lake (Lar), Arnoux Bay (Bar), and Dasserat Lake
(Das), form a complex system of connected lakes exposed
to a gradient of contaminants originating from a tributary
of Arnoux Lake. This natural complex system is invaluable
to characterize the inﬂuence of a continuous environmen-
tal stress on both independent and interconnected bacterial
communities.
Two key questions in microbial ecology were addressed.
First, we assessed whether a similar environmental stress has
driven parallel changes at the taxonomic level on two inde-
pendent bacterial communities. Second, we tested whether
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Figure 1. Geographical localization of Rouyn-Noranda(Abitibi-Temiscamingue, Canada) and the sampling sites visited in June 2010. Polluted reference
site = Turcotte Lake, Clean reference site = Opasatica Lake, Test lake system = Arnoux Lake, Arnoux Bay, and Dasserat Lake.
a long-term exposure to contaminants has induced signif-
icant taxonomic structure changes within the three inter-
connected bacterial communities. Furthermore, we tested
whether similar OTU networks were correlated to a similar
heavy metal contamination. To our knowledge, the parallel
changes of natural lacustrine bacterial communities facing
a similar environmental stress have never been studied be-
fore. The present study aims to generate meaningful insights
on microbial community adaptation at the taxonomic level,
under natural environmental conditions.
Material and Methods
Study area and sampling sites
TheRouyn-Norandaarea(Quebec,Canada)hasexperienced
strong mining activity over the last 50 years, generating
polymetallic contaminant gradients (Couillard et al. 1993;
Gigu` ere et al. 2003, 2006). Located 15 km west of Rouyn-
Norandaand3kmnortheastofArntﬁeld,Aldermacminesite
is a 76 hectares area whose tailings consist of approximately
50%sulfurousmineralswithsigniﬁcantconcentrationsofar-
senic, cadmium, copper, molybdenum, zinc, and sulfur. As a
result,areasadjacenttotheminetailingsarestronglyaffected
by AMD.
Five lakes were chosen in the surroundings of Rouyn-
Noranda(seeFig.1),followingtheirrelativemetalliccontam-
ination combined with their geographical situation. Opasat-
ica Lake (Opa) was chosen as an unpolluted lake reference,
while Turcotte Lake (Tur) was chosen as a contaminated ref-
erence. The interconnected sites studied were Dasserat Lake
(Das), Arnoux Bay (Bar), and Arnoux Lake (Lar). Through
their interconnection, the water ﬂow spreads the AMD from
Arnoux Lake to Dasserat Lake such that a polymetallic gra-
dient is generated.
Sampling and ﬁltration procedures
Sampling was undertaken during June 2010 by collecting 6 L
of water at approximately 60 cm depth in the water column.
Water samples were ﬁltered ﬁrst with a 3.0-μm mesh size,
followed by a 0.22-μm nitrocellulose membrane (Advantec)
usingaperistalticﬁltrationpump(MasterﬂexL/SPumpSys-
temwithEasy-LoadIIPumpHead,Cole-Parmer).Duplicates
fromthesampledlakeswereplacedintocryotubescontaining
1 mL of sterile lysis buffer (40 mM EDTA, 50 mM Tris-HCl,
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0.75Msucrose)andthenﬂashfrozeninliquidnitrogenuntil
DNA extraction.
Abiotic sampling and survey
For each lake, pH and temperature were measured. Water
samples were also collected in duplicates to determine trace
metals (Al, Cd, Cu, Fe, Mn, Pb, Zn), major cations (Ca, Mg,
Na, K, S), and dissolved organic carbon (DOC) at approxi-
mately 60 cm of depth in the water column. Water samples
for determination of trace metals and major cations were
takenwithpreconditionedsyringesandprocessedthroughan
Acrodisc Filter (VWR) into a 15-mL ﬂask containing 300 μl
of HNO3 (ﬁnal concentration of 2%). All the samples were
kept at 4◦C before being analyzed at the INRS (Institut Na-
tionaldelaRechercheScientiﬁque,Quebec)usingICPVISTA
Varian-axial mass spectrometer. Samples for determination
of the DOC were taken with sterile 50-mL scintillation vials
and also analyzed at the INRS using a Total Organic Carbon
(TOC) analyser Shimadzu VCPH with the Non-Purgeable
OrgnicCarbon(NPOC)method(curve0–5)andadetection
limit set to 0.5 mg/L. Both sample replicates were processed
to optimize measures of abiotic factors.
DNA extraction
Genomic DNA was extracted using a modiﬁed protocol of
salt extraction from Aljanabi and Martinez (1997) with the
additionofalysisstepusinglysozyme(Invitrogen)(1mg/mL
ﬁnal concentration) and the pellet resuspended in 25 μlo f
sterileMilli-Qwater.Subsequently,DNAintegrityandquan-
tity was controlled using a Nanodrop instrument (ND-1000,
Nanodrop).
Denaturing gradient gel electrophoresis
(DGGE)
PCR-DGGE involves the electrophoretic separation of PCR
amplicons in a polyacrylamide gel containing a gradient of
chemical denaturants (urea and formamide). As the DNA
molecule encounters an appropriate denaturant concentra-
tion,asequence-dependent,partialdenaturationofthedou-
ble strand occurs and causes a reduced migration rate of the
molecule. Every single band visible in DGGE represents a
componentofthebacterialcommunity,whereasthenumber
of bands reﬂects the community complexity.
PCR-DGGE targeting the V3–V5 regions of the
16S rRNA gene (Chakravorty et al. 2007) was re-
alized using the universal bacterial primers 907R 5 -
CCGTCAATTCMTTTRAGTTT-3  (Lane et al. 1985) and
358F 5 -TACGGGAGGCAGCAG-3  (Muyzer et al. 1993)
with a GC-rich clamp at its 5  end (5 -CGCCCGCCGCGC
GCGGCGGGCGGGGCGGGGGCACGGGGGG-3 ,R ¨ olleke
et al. 1998). Reactions were carried out for both duplicates
in a volume of 16 μl containing 10 ng of template, 200 μM
(each) dNTP (Promega), 0.3 μM/primer, 400 ng/μLB S A ,
1.25 mM MgCl2,1 × Buffer, and 0.4U Taq DNA polymerase
(Promega). PCR reactions were carried out in a Biometra
T1 Thermocycler. The cycling program was 94◦Cf o r5m i n ;
28 cycles of 94◦Cf o r1m i n ,5 2 ◦Cf o r1m i n ,a n d7 2 ◦Cf o r
3m i n ;a n d7 2 ◦C for 10 min. Both lake sample duplicates
were run on a single gel. DGGE was performed using the
D-Code universal mutation detection system (Bio-Rad). A
total of 600 ng of PCR products were resolved on 10% (w/v)
polyacrylamide gels at 40–60% denaturant gradient for 20 h
at 60◦Ci n1 × TAE and a constant voltage of 80 V. Gels were
stained with SYBR Green 1 (Sigma) and visualized using a
UV transilluminator (Vilmert-Lourmat).
DGGE banding pattern analysis
The digitized image was imported into GelCompar II soft-
ware (Applied Maths, Kortrijk, Belgium) and each band was
considered an OTU. Bands visually common among all the
sampledlakeswereusedasinternalreferencemarkerstonor-
malize the ﬁngerprint.
The intensities (ni) of the individual bands were ﬁrst mea-
sured by GelCompar II software. Each band’s relative inten-
sity (Pi) was then calculated as Pi = ni /N,w h e r eni is the
densitometric curve intensity of band i,a n dN is the sum of
the intensities for all the bands within the proﬁle. Richness
(S) was estimated simply as the number of bands detected
in a single lane. The relative proportion of each band type
was calculatedusing the number of representatives for a type
of band over the richness in a lane. Each band-type contri-
bution in a sample proﬁle was calculated by means of the
summation of all the intensities of a band type over the sum
of the intensities for all the band types within a lane. The
community biodiversity was established using three indices:
(1) the Shannon Index (H  = – (Pi ln(Pi)) (Shannon and
Weaver 1963); (2) Simpson’s Dominance Index (c =  (Pi)2)
(Simpson1949);and(3)Pielou’sEvennessIndex(J  =H/lnS)
(Pielou 1966). The homology between samples banding pat-
terns, namely the beta diversity between two lakes, was cal-
culated by means of Sørenson’s Similarity Index (β)wi t ht h e
formula β = 2C/(S1+S2), where S1 is the total number of
species recorded in the ﬁrst community, S2 is the total num-
ber of species recorded in the second community, and C is
the number of species common to both communities.
The GelCompar II software was set at 0.5% optimiza-
tion and 0.5% position tolerance to calculate the Dice co-
efﬁcient of similarity (Dice 1945). Cluster analyses were
performed on the similarity matrix using the unweighted
pair group method with arithmetic means algorithm
(UPGMA), resulting in a dendrogram that graphically dis-
playedthesimilaritiesamongsamples.Robustnessanalysisof
thedendrogramtopologywasassessedusingthe“Cophenetic
correlation” option, which computes a measure of clustering
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pattern consistency (values ranging from 0 to 100, 100 being
the maximum consistency value). Comparing both commu-
nity sample replicates further assessed the robustness of the
dendrogram topology.
Statistical analyses
All statistical analyses were performed using R statisti-
cal software (http:/www.r-project.org/). To assess normal-
ity of the dataset, a Student t-test was ﬁrst undertaken.
ANOVAs were conducted using the R commands “model =
lm(tableau$X∼tableau$Y)” and “anova(model).” The sta-
tistical model for the correlation analyses uses the values
calculated from the DGGE ﬁngerprint (X = Shannon, dom-
inance, evenness, richness, beta diversity, proportion of each
band type, contribution of each band type, intensities of the
shared OTUs [5, 15, 17, 18, 21], intensities of the pollution-
related OTUs [3, 10, 25, 44], intensities of the clean-related
OTUs [16, 36, 39, 40, 42]) and environmental data collected
on the ﬁeld (Y = t r a c em e t a l s[ A l ,C d ,C u ,F e ,M n ,P b ,Z n ]
a n dm a j o rc a t i o n s[ C a ,M g ,N a ,K ,S ] ,D O C ,p H ,a n dt e m -
perature).
Welch two-sample t-tests were realized with each abiotic
parametermeasuredontheﬁeld(tracemetals,majorcations,
DOC,pH,andtemperature)byregroupingintheﬁrstsample
the abiotic values for the polluted sites Arnoux Lake (xLar),
Arnoux Bay (xBar), and Turcotte Lake (xTur), and the sec-
ond vector consisting in the abiotic measures taken at the
unpollutedsitesOpasatica(xOpa)andDasseratlakes(xDas).
EffectsfortheANOV AandW elcht-testsweredeemedsigniﬁ-
cantatP <0.05andmarginallysigniﬁcantatP =0.05–0.10.
Results
Environmental data
T r a c em e t a l s( A l ,C d ,C u ,F e ,M n ,P b ,Z n ) ,m a j o rc a t i o n s
(Ca, Mg, Na, K, S), DOC, pH, and temperature for the
studied lakes are summarized in Table 1. The most widely
represented trace metal in all ﬁve lakes was iron (mean =
1.18428 mg/L; SD = 2.11585 mg/L) followed by alu-
minum (mean = 0.31470 mg/L; SD = 0.37202 mg/L),
zinc (mean 0.19390 mg/L; SD = 0.22819 mg/L), man-
ganese (mean = 0.14883 mg/L; SD = 0,19593 mg/L), copper
(mean = 0.01990 mg/L; SD = 0.01901 mg/L), lead (mean =
0.00304 mg/L; SD = 0.00008 mg/L), and cadmium (mean =
0.00059 mg/L; SD = 0.00038 mg/L). Within the major
cationstested,sulfurshowedthehighestconcentrationvalues
(mean = 8.91042 mg/L; SD = 8.6144096 mg/L), followed by
calcium(mean=7.09774mg/L;SD=3.0044mg/L),magne-
sium (mean = 2.20747 mg/L; SD = 1.13099 mg/L), sodium
(mean=1.52820mg/L;SD=0.98765mg/L),andpotassium
(mean = 0.52211 mg/L; SD = 0.27990 mg/L). Neutral pH
values were measured in the Opasatica Lake and Dasserat
Lake (pH 7.64 and 7.11, respectively), while the pH values
of Turcotte Lake, Arnoux Bay, and Arnoux Lake reached the
acidic level (pH 4.91, 4.69, and 3.77, respectively). In addi-
tion, the highest DOC values were measured in Opasatica
andDasseratlakes(7.7mg/Land7.2mg/L,respectively),fol-
lowed by Arnoux and Turcotte lakes (4.4 mg/L and 3.8 mg/L,
respectively) and Arnoux Bay (1.8 mg/L). Finally, the water
temperature measured at sampling sites ranges from 16.5◦C
to 19◦C.
Table 1. Abiotic parameters measured at each sampling site. (Al = aluminum, Ca = calcium, Cd = cadmium, Cu = copper, Fe = iron, K = potassium;
Mg = magnesium, Mn = manganese, Na = sodium; Pb = lead, S = sulfur, Zn = zinc, DOC = dissolved organic carbon).
Detection limit Lar Bar Das Tur Opa
Trace metals (mg/L) Fe 0.002 4.939 0.705 0.110 0.097 0.070
Al 0.001 0.930 0.405 0.052 0.113 0.074
Zn 0.0007 0.5574 0.2703 0.0347 0.1063 <0.0007
Mn 0.0001 0.4421 0.2598 0.0036 0.0368 0.0019
Cu 0.0005 0.0507 0.0243 0.0075 0.0141 0.0029
Pb 0.003 0.003 <0.003 <0.003 <0.003 <0.003
Cd 0.0002 0.0010 0.0007 0.0002 0.0009 <0.0002
Major cations (mg/L) S 0.02 22.03 13.16 5.10 2.33 1.93
Ca 0.02 9.92 8.26 7.34 2.00 7.97
Mg 0.002 3.490 2.675 1.987 0.434 2.452
Na 0.01 1.26 1.24 1.21 0.68 3.24
K 0.002 0.597 0.461 0.497 0.139 0.917
Others DOC 0.5 4.4 1.8 7.2 3.8 7.7
pH 0.05 3.77 4.69 7.11 4.91 7.64
Temp. 0.5 19.0 17.5 17.0 17.0 16.5
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DGGE ﬁngerprint
The DGGE proﬁle for the overall experiment is showed
on Figure 2. The highest species richness (S)w a sf o u n di n
DasseratandOpasaticaLakes(S=21forboth)whileArnoux
Lake,ArnouxBay ,andT urcotteshowedweakerrichness(S =
14, S = 17, and S = 16, respectively). Banding pattern anal-
ysis provided compelling evidence of ﬁve OTUs common
to all sampling sites (OTUs 5, 15, 17, 18, and 21). Further-
more, Arnoux Lake, Arnoux Bay, and Turcotte Lake showed
the highest number of pollution-related OTUs (i.e., OTUs
present in at least two polluted lakes, but absent from the
clean reference lake, n = 6, n = 7, and n = 5, respectively)
and,incounterpart,thelowestnumberofclean-relatedOTUs
(i.e., OTUs present in the clean reference lake, n = 0, n = 2,
and n = 2, respectively). The inverse situation was observed
in the case of Dasserat and Opasatica Lakes, which showed
the highest number of clean-related OTUs (n = 8a n dn =
9, respectively), and the lowest number of pollution-related
OTUs (n = 4a n dn = 0, respectively). By analyzing each
lake’s proﬁle, three OTUs were found to be pollution speciﬁc
(i.e., OTUs present at least in two polluted lakes, including
the reference polluted lake, but excluding the clean reference
lake) (OTUs 3, 10, and 44), while six OTUs were speciﬁc to
cleaner lakes (i.e., OTUs present only in the two clean lakes,
includingthecleanreferencelake)(OTUs2,4,36,39,40,and
42). Finally, several multiple unique OTUs were also present,
with emphasis in the Opasatica Lake (n = 7). On the oppo-
site,T urcotteandDasseratlakeshavelowernumberofunique
OTUs (n = 4 for both) as for Arnoux Bay and Arnoux Lake
(n = 3f o rb o t h ) .
The homology between samples banding pattern was fur-
ther analyzed for both duplicates using the dendrogram pro-
vided by GelCompar II software (Fig. 3). The dendrograms
showtwostronglydifferentiatedclusters,theﬁrstonegroup-
ing Arnoux Lake, Arnoux Bay, and Turcotte Lake (mean =
85%,SD=0%ofcopheneticcorrelation)with66.7%ofsim-
ilarity between the DGGE proﬁle of the connected Arnoux
Lake and Arnoux Bay, while the geographically isolated Tur-
cotte Lake shares 48.0% of similarity with these two lakes.
The second group visualized on the dendrogram encom-
passes geographically isolated Opasatica and Dasserat Lakes
(78.5%, SD = 0.5% of cophenetic correlation), which share
65.9% (SD = 0.8%) of similarity together. Finally, Opasatica
Figure 2. Denaturing gradient gel
electrophoresis (DGGE) ﬁngerprint. Bands in
red are pollution-related operational
taxonomic units (OTUs), green bands are
OTUs shared with Opasatica Lake
(undisturbed bacterial community
reference), yellow bands represent OTUs
common to all lakes, and blue bands
indicate unique OTUs.
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Figure 3. UPGMA clustering according to DGGE data using Dice coefﬁcient of similarity. Values at the nodes in green and yellow represent cophenetic
correlations (see Methods). (A) Community sample 1. (B) Community sample 2.
and Dasserat Lakes share only 25.1% (SD = 0.5%) of sim-
ilarity with the polluted group (Arnoux Lake, Arnoux Bay,
and Turcotte Lake. The high consistency of similarity and
copheneticvaluesbetweenbothduplicatesreﬂectsthestrong
reproducibility of the experiment.
Diversity and richness
The diversity and richness data collected for each sampling
site are summarized in Table 2. Beta diversity values (β)
indicate that the two interconnected lakes, Arnoux Lake and
ArnouxBay,werethemostsimilarsamplingsitesvisited(β =
0.645), while Dasserat Lake was more similar to Opasatica
Lake (β = 0.585) than to Arnoux Bay (β = 0.486). The ref-
erence polluted Turcotte Lake exhibited similarity with both
Arnoux Bay (β = 0.485) and Dasserat (β = 0.5) connected
lakes. Then, the highest alpha diversity values were found in
Dasserat and Turcotte Lakes (H  = 2.438 and H  = 2.408, re-
spectively)followedbyOpasaticaLake(H  =2.313),Arnoux
Lake (H  = 2.251), and Arnoux Bay (H  = 2.112). The high-
est evenness (J ) values were found in Turcotte and Arnoux
Lakes (J  = 0.868 and J  = 0.853, respectively), followed by
Dasserat Lake (J  = 0.801), Opasatica Lake (J  = 0.76), and
Arnoux Bay (J  = 0.745). The highest dominance value is
f o u n di nA r n o u xB a y( c = 0.197), followed by Arnoux Lake
(c = 0.140), Dasserat Lake (c = 0.126), Opasatica Lake (c =
0.124), and Turcotte Lake (c = 0.114).
Correlation analyses
Welch two-sample t-tests put in evidence signiﬁcant differ-
ences between polluted lakes versus clean lakes concerning
cadmium(P=0.02086),DOCconcentrations(P=0.02633),
and pH measures (P = 0.006393).
The species richness showed signiﬁcant correlations with
cadmium gradient (negative correlation, R2 = 0.97; P =
0.002396) and pH values (R2 = 0.96; P = 0.003967). Fur-
thermore, signiﬁcant correlations between beta diversity in
Arnoux Lake and multiple heavy metals (Zn: R2 = 0.99; P =
0.000409, Cu: R2 = 0.99; P = 0.001029, Al: R2 = 0.96; P =
0.003678, Mn: R2 = 0.96; P = 0.003809, Fe: R2 = 0.84; P =
0.02871), sulfur (R2 = 0.89; P = 0.01533) and pH (negative
correlation,R2 =0.81;P =0.03863)werefound,aswasasig-
niﬁcant inﬂuence of calcium over beta diversity in Turcotte
Lake (negative correlation, R2 = 0.87; P = 0.02155). On the
other side, the beta diversity of Opasatica Lake exhibits sig-
niﬁcant correlations with sodium (R2 = 0.81; P = 0.0363)
and pH values (R2 = 0.82; P = 0.03374).
Statisticalanalysesalsorevealthattheproportionofshared
bands was signiﬁcantly correlated with DOC values (R2 =
0.88;P =0.01761),whiletheproportionofpollution-related
OTUs was inﬂuenced by pH (R2 = 0.82; P = 0.01594) and
the proportion of clean-related OTUs was signiﬁcantly re-
latedtoironandleadgradient(negativecorrelationforboth,
R2 = 0.89; P = 0.01638 and R2 = 0.93; P = 0.008178, re-
spectively). Then, pollution-related OTUs exhibit signiﬁcant
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Table 2. Alpha diversity, evenness, richness, dominance, and beta diversity calculated for the studied system. (H  = Shannon Index, J  = Pielou’s
Evenness Index, S = Speciﬁc Richness, c = Simpson’s Dominance Index).
Alpha diversity Evenness Richness Dominance Beta diversity
H  J  Sc Lar Bar Das Tur Opa
Lar 2.251 0.853 14 0.140 1.000 0.645 0.294 0.467 0.286
Bar 2.112 0.745 17 0.197 – 1.000 0.486 0.485 0.368
Das 2.438 0.801 21 0.126 – – 1.000 0.500 0.585
Tur 2.408 0.868 16 0.114 – – – 1.000 0.378
Opa 2.313 0.760 21 0.124 – – – – 1.000
correlations with both cadmium concentrations (R2 = 0.88;
P =0.01836)andpHvalues(negativecorrelation,R2 =1.00;
P = 3.972 × 10–5). Finally, clean-related OTUs also exhibit
signiﬁcant correlations to both cadmium (negative correla-
tion, R2 = 0.89; P = 0.01689) and pH measures (R2 = 0.87;
P = 0.02177).
ConsideringeachbandfromtheDGGEﬁngerprint,shared
OTU18wasinﬂuencedbypH(R2 =0.85;P =0.02681),and
shared OTU 21 was signiﬁcantly correlated with DOC con-
centrations (negative correlation, R2 = 0.90; P = 0.01444).
Furthermore, OTU 25 was the only pollution-related species
to signiﬁcantly show correlation with multiple heavy met-
als (Fe: R2 = 1.00; P = 7.616 × 10–6,M n :R2 = 0.79; P =
0.04488, Pb: R2 = 0.99; P = 4.2929 × 10–4,A l :R2 = 0.92;
P = 0.01055, Cu: R2 = 0.88; P = 0.01809, and Zn: R2 =
0.86; P = 0.02275, S: R2 = 0.81; P = 0.03856), and with the
temperature(R2 =0.91;P =0.01123).Then,sharedOTU17
showed correlation with sodium (R2 = 0.96; P = 0.003479).
Finally,OTU 16isthesole clean-relatedOTUto signiﬁcantly
exhibit correlation with sodium concentrations (R2 = 0.90;
P = 0.01591).
Aside from the above signiﬁcant correlations, multiple
marginally signiﬁcant correlations (P = 0.05–0.10) were
found using ANOVAs, especially considering the cadmium
and DOCparameters.Indeed, cadmiumwas marginallycor-
related with i beta diversity in Opasatica Lake (negative
correlation, R2 = 0.68; P = 0.08336), ii the proportion
of pollution-related OTUs (R2 = 0.68; P = 0.08772), iii
the shared OTU 18 (negative correlation, R2 = 0.69; P =
0.08309), iv the pollution-related OTU 10 (R2 = 0.69; P =
0.07967), and v the clean-related OTUs 36 and 40 (negative
correlation for both, R2 = 0.70; P = 0.07868 and R2 = 0.67;
P =0.08636,respectively).Then,DOCshowedmarginalsig-
niﬁcant correlations with i the interlake “beta diversity” of
ArnouxBay(negativecorrelation,R2 =0.72;P =0.07071),ii
proportion of pollution-related OTUs (negative correlation,
R2 = 0.75; P = 0.056), iii contribution of pollution-related
OTUs (R2 = 0.70; P = 0.07936), and iv the intensity of OTU
18 (R2 = 0.74; P = 0.05962).
Finally, the Shannon, evenness, and dominance indexes
were not correlated with any of the environmental parame-
ters.
Discussion
As anthropogenic activities increasingly deteriorate natural
ecosystems, there is an urgent need to elucidate how mi-
crobial communities acclimate or adapt to buffer such en-
vironmental stress. Such insights aid the identiﬁcation key
microbial consortia and assist in the development of durable
mitigating strategies to restore impacted ecosystems. Here,
we tested the power of resolution of the PCR-DGGE tech-
nique as a cost-effective molecular method to rapidly assess
thelevelofperturbationofﬁvelacustrineecosystemsexposed
to contrasting concentrations of heavy metals. The underly-
ing hypothesis was that the overall taxonomic structure of
a microbial community is mirroring the health status of its
ecosystem (Rohr et al. 2006; Deng et al. 2007; Parnell et al.
2009).
Therefore, the objective of this survey was threefold. First,
to assess whether a similar anthropogenic pressure drives
parallelchangesatthetaxonomiclevelamongtwogeograph-
icallyisolatedbacterialcommunities.Second,totestwhether
long-term exposure to heavy metals, which generated a con-
tamination gradient for three interconnected lacustrine bac-
terial communities, has driven signiﬁcant taxonomic struc-
turechanges.Finally,thethirdobjectivewastoassesswhether
PCR-DGGEhassufﬁcientresolutiontounambiguouslychar-
acterize the signature of environmental perturbation on the
taxonomical structure of natural bacterial communities.
In the following sections, the correlation between DGGE
proﬁles and abiotic factors will be examined to assess their
respective inﬂuences on the taxonomic structure of the ﬁve
bacterial communities.
Geochemical analyses of lake water samples indicate a de-
crease in heavy metal concentrations within the intercon-
nected sites of Arnoux Lake, Arnoux Bay, and Dasserat Lake,
creating a natural polymetallic gradient. Concentrations of
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all heavy metals are highest in Arnoux Lake, decrease slightly
in Arnoux Bay, and drop substantially in Dasserat Lake. This
phenomenon is the consequence of a strong dilution fac-
tor between Arnoux Bay and Dasserat Lake. As a result,
heavy metals’ concentrations in Opasatica were similar to
those found in Dasserat Lake, while heavy metals’ concen-
trations in Turcotte Lake were similar to both Arnoux Bay
and Arnoux Lake. Correlatively, the dendrogram topology
obtained from the PCR-DGGE ﬁngerprint statistically sup-
portsgroupingbacterialcommunitiesfromtwoindependent
clean sites, namely Opasatica and Dasserat lakes on one side,
and from two independent polluted sites, namely the con-
nected Arnoux Lake–Arnoux Bay system and Turcotte Lake,
on the other side. Taken together, these results ﬁrst suggest
that a strong abiotic perturbation can drive signiﬁcant shifts
in the taxonomic structure of bacterial communities from
interconnected lakes following a gradient of contaminants,
and furthermore, that two geographically isolated bacterial
consortia can undergo parallel community adaptation if im-
pacted by a similar environmental pressure.
The ﬁve studied lakes are located on the same glaciola-
custrine deposits left by the postglacial lake Barlow-Ojibway,
10,000 years ago (surﬁcial geology map No. 1639A [Geol.
Surv. Can.; Energy, Mines and Resources Canada]). By trig-
gering major founder events, the post-Pleistocene ice retreat
has been identiﬁed as a key factor in shaping present-day
genetic structure of many species (Hewitt 1996, 2004), in-
cluding aquatic organisms (Bailey and Smith 1981). There-
fore, it suggests that the ﬁve OTUs shared between all the
ﬁve lakes (OTUs 5, 15, 17, 18, and 21) can be considered
as ancestral core OTUs, while the 13 OTUs shared between
Opasatica and Dasserat lakes (OTUs 2, 4, 5, 15, 16, 17, 18,
21, 29, 36, 39, 40, and 42) plus the ancestral core very likely
reﬂect the original core species of the communities from
Arnoux Lake, Arnoux Bay, and Turcotte Lake before being
submitted to the recent environmental disturbance (Fig. 4).
Furthermore,ourresults showunambiguouslythattwo sim-
ilar heavy metal contaminations drove parallel taxonomical
changes of independent communities. More precisely, two
pollution-speciﬁc OTUs (OTUs 3 and 10) were enriched in-
dependently in Turcotte Lake and in the connected Arnoux
Lake–Arnoux Bay system. These OTUs represent the heavy
metals resistant core OTUs, which acclimated better and/or
ﬁrstdevelopedresistancemechanisms,thusallowingthemto
reach higher abundance in contaminated lakes. These heavy
metals resistant core OTUs were likely present in all com-
munities at very low abundance before the mining activities
started, and increased gradually in abundance as the level
of metal contamination increased. Indeed, some taxonomic
groups are naturally less sensitive to heavy metal stress than
others. This is particularly the case of γ-proteobacteria and
β-proteobacteria, those were observed to represent 64% of
the bacterial diversity of a heavy metal contaminated ground
Figure 4. Venn diagram representing the main taxonomical relation-
ships between bacterial communities from polluted and clean lakes.
Each number represents an OTU.
watermicrobialcommunity(Hemmeetal.2010).Fromnow,
t h r e en o n e x c l u s i v eh y p o t h e s e sh a v et ob ee x p l o r e dt oe s t a b -
lish why other members of the bacterial community showed
different survival success across the three polluted lakes (i.e.,
occurrence of lake speciﬁc OTUs).
Theﬁrsthypothesisofsuchadiscrepancycanbethelossof
strains due to genetic drift, and/or variable capacity of accli-
mationamongcloselyrelatedstrainsacrossthethreepolluted
lakes. This phenomenon was observed in Drosophila where
populations originating from neighboring localities exhib-
ited differential capacity of acclimation to stress (Sarup and
Loeschcke 2010). However, it is more likely that continuous
exposuretoastrongenvironmentalstresswasmetbyagenet-
ically determined response (Bradshaw and Hardwick, 1989;
Davison and Pearson 1996). Therefore, the second hypothe-
sis implies conjugative plasmid transfer, the most important
mechanism by which bacterial genetic material can be ex-
changed to cope with rapidly changing environmental con-
ditions (Torsvik et al. 2002; Grohmann 2011). Furthermore,
heavy metal tolerance mechanisms adapted in bacteria are
often plasmid borne, and therefore capable of being spread
throughout a bacterial community by HGT (Coombs and
Barkay 2004; Martinez et al. 2006). HGT mediated by plas-
midtransferhavebeendocumentedinnaturalconditionsfor
lakewater(Shintanietal.2008;Parnelletal.2010)andseawa-
ter (Sobecky and Hazen 2009) bacterial communities. Under
this scenario, the heavy metals resistant core OTUs may have
transferred resistance genes to both the lake-speciﬁc OTUs
and the ancestral core OTUs (species shared in all ﬁve lakes).
Interestingly, the occurrence of lake-speciﬁc OTUs suggests
that different OTUs disappeared in the three polluted lakes.
Suchadiscrepancycanbeexplainedby(1)lossofstrainsdue
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to genetic drift, and/or (2) maladaptation due to different
HGT network dynamics across lakes. Connectivity, that is
functional compatibility, between OTUs is a statistically sig-
niﬁcant factor in determining HGT efﬁciency (Cohen et al.
2011).Then,bacteriaaremorepronetoHGTinbioﬁlmsthan
in open water because HGT efﬁciency is mainly constrained
by cell density (Van Elsas and Bailey 2002). Therefore, HGT
network dynamics in open lake water would mainly depend
onthecontingencyofoneoranotherfunctionallycompatible
OTUsinthedirectvicinityoftheHGTdonor,thusdrivingin
turntheoccurrenceoflake-speciﬁcOTUs.Thethirdhypoth-
esis explaining how resistance mechanisms were transferred
to other members of the bacterial community does not in-
voke any genetic changes to the community. Lee et al. (2010)
demonstrated that few highly resistant mutants provided a
population-wide resistance by producing indole, a signaling
molecule allowing more vulnerable genotypes to survive in
stressful environmental conditions. As cadmium is known
to bind thiol groups, leading to glutathione depletion and
oxidation of sulfhydryl groups in proteins (Lourenc ¸o and
Gomes2009),theincreaseintheintracellularcadmiumcon-
centration might be mitigated by the increased production
of glutathione from the heavy metal resistant core OTUs.
To sum up, parallel community modiﬁcations resulting
from a similar environmental perturbation may have oc-
curred due to selection of a heavy metal resistant core OTUs
combinedtothelossofmostsensitivebacterialspecies.Then,
differences observed between the three polluted lakes may
result from genetic drift and/or differential networks of hor-
izontal transfers of resistance genes. Alternatively, the heavy
metal resistant core OTUs may provide a population-wide
resistancemechanismbyproducingsignalingmoleculesmit-
igating the physiological impact of heavy metal contamina-
tion.
The signiﬁcant correlations found with ANOVA between
environmental parameters and biodiversity indices strongly
suggest that pH and cadmium exert the widest spectral in-
ﬂuence over the taxonomic structure of the bacterial com-
munities. Taking into consideration its numerous marginal
correlations, the DOC parameter could be considered as a
secondary key environmental measure. Interestingly, Corre-
lation analyses suggest that pH and cadmium share a similar
spectral inﬂuence, as with the DOC parameter to some ex-
tent. pH reduction is also known to induce a decline in the
bacterial structural and functional diversity in other systems
(Anderson et al. 2009), and cadmium is the most harmful
heavy metal for microorganisms (Nies 1999). However, low
pH values have been widely reported to have a protective
effect on metal toxicity in a variety of organisms includ-
ing bacteria (Franklin et al. 2000; Sandrin and Maier 2002;
Wordenetal.2009).Consequently,thesigniﬁcantcorrelation
between cadmium gradient and pH values collected reveals
thatcadmiumstillhasastrongimpactoverthestructureand
the functionality of a bacterial community, despite of water
acidity. Therefore, cadmium concentration is an abiotic fac-
torofmajorconcernforevaluatingthebufferingpotentialof
a lacustrine ecosystem.
In conclusion, our results bring to light signiﬁcant evi-
dencethatsimilarenvironmentalperturbationsdriveparallel
changes at the taxonomic level on two independent bacterial
communities. Then, ﬂuctuations taking places in the dom-
inant microbial populations under a polymetallic gradient
were characterized. More precisely, correlation analyses be-
tween OTUs and abiotic factors allowed identifying physico-
chemical parameters that have the strongest inﬂuence on the
whole community network. Such insights therefore clearly
demonstrate the need to study bacterial community struc-
tural changes triggered by abiotic contaminant exposure un-
der an ecological and evolutionary points of view. Indeed,
further analyses will allow detecting community members
that are functionally interdependent and adapted to cope
withstressingabioticfactors.Finally,thisstudydemonstrates
that using a low-cost molecular tool such as PCR-DGGE is
very suitable to assess the health status of lacustrine ecosys-
tems by proﬁling the taxonomic structure of bacterial com-
munities. By allowing to monitor a dozen of bacterial com-
munity samples per gel twice a day, this technique has still
undoubtedly a great value. PCR-DGGE was recently applied
to monitor various types of microbial communities, such as
root-associated microbiota (Kolton et al. 2011), gut micro-
biota (Wang et al. 2011), coral mucus microbiota (Meron
et al. 2011), forest soil (Kauppi et al. 2011), bioreactors
(Vejmelkova et al. 2011), or even agriculture products
(Aquilantietal.2011).Furthermore,PCR-DGGEproﬁlingis
avaluabletoolthatallowsscreeningvariouscommunitysam-
plestotargetthoseexhibitingthemostcontrastedpatternfor
furtherinvestigations.Usingclassicalmolecularmethods,the
next steps to characterize further the taxonomic structure of
bacterial communities are labor and time consuming. First,
sequencing every band of the DGGE proﬁles to identify the
16S ribotype requires as many cloning steps, because many
bands contain several closely related ribotypes. Then, quan-
tifying the relative abundance of every ribotype necessitates
to develop as many pairs of real-time PCR primers. Know-
ing that lacustrine bacterial communities encompass several
hundreds of ribotypes (K. Laplante et al., unpubl. data), ac-
curately characterizing biodiversity by cloning approach is
not cost effective. The very recent development of both next-
generation sequencing and bioinformatics will now permit
to characterize in a single step both the taxonomic diversity
and the relative abundance of every ribotype. Furthermore,
high throughput sequencing of metatranscriptomic libraries
will provide further insights into characterizing the dynamic
behavior of the more active members of the bacterial com-
munities, both at functional and taxonomic levels. These
invaluable tools will allow researchers to explore further the
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functional network adaptability of bacterial communities,
and in turn, to predict their capacity to maintain ecosystem
homeostasiswhenfacingrapidenvironmentalchanges.Such
investigationsonthelakesystempresentedherearecurrently
underway.
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